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Microtubules, composed of «/f tubulin heterodimers, represent a validated target for cancer
chemotherapy. Thus, tubulin- and microtubule-binding antimitotic drugs such as taxanes and vincas
are widely employed for the chemotherapeutic management of various malignancies. Although quite
successful in the clinic, these drugs are associated with severe toxicity and drug resistance problems.
Noscapinoids represent an emerging class of microtubule-modulating anticancer agents based upon the
parent molecule noscapine, a naturally occurring non-toxic cough-suppressant opium alkaloid. Here we
report in silico molecular modeling, chemical synthesis and biological evaluation of novel analogs
derived by modification at position-7 of the benzofuranone ring system of noscapine. The synthesized
analogs were evaluated for their tubulin polymerization activity and their biological activity was
examined by their antiproliferative potential using representative cancer cell lines from varying tissue-
origin [A549 (lung), CEM (lymphoma), MIA PaCa-2 (pancreatic), MCF-7 (breast) and PC-3 (prostate)].
Cell-cycle studies were performed to explore their ability to halt the cell-cycle and induce subsequent
apoptosis. The varying biological activity of these analogs that differ in the nature and bulk of substituent
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at position-7 was rationalized utilizing predictive in silico molecular modeling.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Composed of a/f tubulin heterodimers, microtubules are
ubiquitous dynamic cytoskeletal polymers that have been long
recognized as a validated pharmaceutical target in cancer
chemotherapy [1,2]. Drugs that interfere with microtubule
dynamic stability are widely employed in the clinic to treat a
variety of cancers or are exploited as probes to gain insights into
microtubule structure and function. Three major classes of drugs
namely, taxanes, vinca alkaloids and colchicine analogs are well-
recognized and the positions they occupy on the cellular target,
tubulin, have been identified [1]. Traditionally, these three drug
classes are categorized into stabilizers and destabilizers; the
stabilizers predominantly causing overpolymerization of micro-
tubules into bundles and sheets and the destabilizers resulting in
depolymerization of microtubules into soluble tubulin.
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Yet another emerging class of microtubule-modulating agents
is based upon noscapine, a non-sedative naturally occurring
phthalideisoquinoline alkaloid from the opium poppy [3.4].
Noscapine, a long-known innocuous cough-suppressant was
discovered for its tubulin-binding anticancer activity about a
decade ago [3]. Essentially, the identification and discovery of
noscapine was based upon its structural resemblance to commonly
known microtubule poisons such as colchicine [3]. Ever since,
noscapine has been successfully shown to inhibit various
neoplasms in vitro as well as in vivo such as leukemia and
lymphoma [3,5,6], melanoma [7], ovarian [8], gliomas [9], breast
[10], lung [11], and colon [12] cancer. Currently, noscapine is in
Phase I/II clinical trials for the treatment of multiple myeloma.

Our ongoing chemical synthetic efforts to improve the
therapeutic efficacy and pharmacological properties of noscapine
have yielded a battery of more potent first-generation noscapine
analogs, collectively referred to as noscapinoids [10,13-20].
Noscapinoids avoid the harsher effects of currently available
chemotherapeutic agents by leaving the total polymer mass of
tubulin unaffected [3,5,21]. Noscapine analogs have been exten-
sively shown to impede cell-cycle progression, inhibit cellular
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Fig. 1. Molecular structure of noscapine ((S)-6,7-dimethoxy-3-((R)-4-methoxy-6-
methyl-5,6,7,8-tetrahydro-[1,3]dioxolo[4,5-g]isoquinolin-5-yl)isobenzofuran-
1(3H)-one).

proliferation and induce apoptosis in a variety of cancer cells both
in vitro and in xenograft models of human cancers implanted in
nude mice [10,12,14,16,17,22,23]. From a synthetic perspective,
most of these first-generation analogs were generated by the
chemical manipulation of position-9 on the isoquinoline ring
system of noscapine (Fig. 1). The position-9 substituted (black-
arrowhead, Fig. 1) tubulin-binding analogs that displayed superior
anticancer activity included 9-nitronoscapine as well as haloge-
nated (fluoro, chloro, bromo, and iodo) analogs [13,19]. In
particular, the brominated analog of noscapine is most well-
studied because of its effectiveness against drug-resistant xeno-
graft tumors without any detectable toxicity [14,16,17,22,23]. It is
therefore no wonder that noscapine and its analogs have been
described as ‘kinder and gentler’ microtubule-modulating agents
that do not cause any apparent toxicity [24].

More recently, chemical modifications of position-7 (arrow,
Fig. 1) on the benzofuranone ring system of noscapine have been
reported [25,26]. The regioselective O-demethylation at position-7
yielded the O-alkylated derivatives including the hydroxy com-
pound which is ~100-fold more potent than the parent noscapine
[25,26]. This strongly suggested that chemical maneuvering of the
benzofuranone ring had significant impact on the biological
activity of the parent molecule. Based upon this impetus, we
modeled noscapine in the colchicine binding site [27] to rationalize
the exceptionally enhanced biological activity of the 7-hydroxy
noscapine analog as well as aid future drug discovery by rational
drug design.

Here we report the chemical synthesis of second generation 7-
position benzofuranone noscapine analogs that differ in the steric
bulk of the substituent. The analogs were examined for their anti-
proliferative activity using representative cancer cell lines of lung,
myeloma, breast, pancreas and prostate. In silico molecular
modeling data were employed to rationalize and comprehend
the observed biological activity patterns of these analogs. This has
contributed to an enhanced understanding of structure-based drug
design to facilitate drug discovery and development of the
noscapinoid family, a novel class of tubulin-active, non-toxic
agents.

2. Materials and methods
2.1. In silico modeling studies
Crystal structure coordinates of the tubulin heterodimer-

colchicine model (PDB: 1sa0) [27] were used in this study.
Theoretical binding sites of noscapinoids were generated by

superimposing the drugs onto the colchicine molecule using Phase
Flexible Ligand Superpositioning program from Schrodinger
software [28] and then placing the resulting conformations into
their respective 3D protein models. UCSF Chimera was used to
determine hydrogen bonds and steric clashes of drugs docked to
protein [29,30]. Hydrophobic protein surface was made using
Tripos Sybyl (v. 8.1) to further visualize sites of potential steric
clashes.

2.2. Chemical synthesis

2.2.1. Synthesis of benzofuranone ring substituted noscapine analogs

TH NMR and '3C NMR spectra were measured in DMSO-ds on
Bruker 400 NMR spectrometer. All proton NMR spectra were
recorded at 400 MHz and were referenced with residual DMSO
(2.50 ppm). Carbon NMR spectra were recorded at 100 MHz and
were referenced with 77.27 ppm (CDCl3) resonance of residual
chloroform. Abbreviations for signal coupling are as follows: s,
singlet; d, doublet; t, triplet; q, quartet; m, multiplet. High
resolution mass spectra were collected on Waters Q-TOF micro
mass spectrophotometer using 3-nitrobenzyl alcohol, in some
cases with addition of Lil as a matrix. All reactions were conducted
in oven-dried (125 °C) glassware under nitrogen atmosphere. All
common reagents and solvents were obtained from Sigma (St.
Louis, MO) and used without further purification unless otherwise
indicated. Solvents were dried by standard methods. The reactions
were monitored by thin layer chromatography (TLC) using silica
gel 60 F254 (Merck) pre-coated aluminum sheet. Flash chroma-
tography was carried out on standard grade silica gel (230-400
mesh).

2.2.1.1. (S)-7-hydroxy-6-methoxy-3-((R)-4-methoxy-6-methyl-
5,6,7,8-tetrahydro[1,3]dioxolo-[4,5-g]isoquinolin-5-yl)isobenzo-
furan-1(3H)-one (2). Noscapine (2.0 g, 4.84 mmol), was dissolved
in anhydrous DMF (5.0 mL) followed by the addition of sodium
azide (0.63 g, 9.68 mmol) and sodium iodide (0.36 g, 2.42 mmol).
The mixture was stirred vigorously at 140 °C for 4 h. The mixture
was concentrated under reduced pressure to yield a dark residue
which was dissolved in EtOAc (50 mL). The insoluble material was
filtered through celite and the filtrate was diluted with EtOAc
(150 mL) followed by washing with water (2 x 25 mL) and brine
(2 x 25 mL). The organic layer was dried over sodium sulfate and
concentrated under reduced pressure to give crude product which
was crystallized from methanol. The product 2 was isolated as off-
white needles. (78% yield): mp 142-143 °C; 'H NMR (DMSO-d6,
400 MHz): 6 9.73 (s, 1H), 7.11 (d, J = 8.0 Hz, 1H), 6.47 (s, 1H), 6.01
(m, 2H), 5.81 (d, J=8.0 Hz, 1H), 5.48 (d, J = 4.0 Hz, 1H), 4.24 (d,
J=4.0Hz, 1H), 3.96 (s, 3H), 3.79 (s, 3H), 2.48-2.34 (m, 2H) 2.43 (s,
3H), 2.31-2.18 (m, 1H), 1.95-1.83 (m, 1H): *C NMR (CDCls,
100 MHz): § 174.6, 161.9, 151.6, 148.1, 140.7, 140.3, 133.9, 131.6,
116.8,113.9,111.8,102.7, 102.4, 100.6, 80.9, 60.7, 59.3, 55.4, 48.2,
45.0, 25.76: HRMS: [M+H]|" [C;H;NO7+H]", calcd: 400.1396,
found: 400.1382.

2.2.1.2. (S)-5-methoxy-1-((R)-4-methoxy-6-methyl-5,6,7,8-tetrahy-

dro-[1,3]dioxolo[4,5-g]isoquinolin-5-yl)-3-o0xo0-1,3-dihydroisobenzo-

furan-4-yl acetate (3). Compound 2 (0.2g, 0.5 mmol), was
dissolved in anhydrous THF (5.0 mL) followed by the addition of
acetic anhydride (57 pL, 0.6 mmol) and the dimethylamino
pyridine (12 mg, 0.1 mmol). The mixture was stirred at ambient
temperature for 4 h, the reaction progress was monitored by TLC,
solvent was removed in vacuo and the residue thus obtained was
dissolved in EtOAc (25 mlL) followed by washing with water
(2 x 25 mL). The organic layer was dried over sodium sulfate and
concentrated under reduced pressure to give crude product which
was separated over flash silica using methanol in chloroform as
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eluent (1:99) to afford compound 3 which was crystallized using
methanol to yield pinkish crystals. (76% yield): mp 111-113 °C; 'H
NMR (DMSO-dg, 400 MHz): § 7.40 (d, ] = 8.4 Hz, 1H), 6.48 (s, 1H),
6.40 (d,J = 8.4 Hz, 1H), 6.01 (s, 2H), 5.62 (d, J = 4.4 Hz, 1H), 4.25 (d,
J=4.4Hz, 1H), 3.95 (s, 3H), 3.81 (s, 3H), 2.67-2.42 (m, 3H), 2.42 (s,
3H)2.32 (s, 3H), 1.95-1.85 (m, 1H); *C NMR (DMSO-dg, 100 MHz):
6 168.5, 167.2, 151.7, 148.6, 140.5, 136.0, 134.3, 131.7, 1214,
120.5, 119.5, 102.9, 101.3, 81.8, 60.8, 59.7, 57.1, 49.3, 45.9, 27.2,
20.6: HRMS: [M+H]" [C3HoNOg+H]", calcd: 442.1502, found:
442.1505.

2.2.1.3. (S)-5-methoxy-1-((R)-4-methoxy-6-methyl-5,6,7,8-tetrahy-
dro-[1,3]dioxolo[4,5-g]isoquinolin-5-yl)-3-oxo-1,3-dihydroisobenzo-
furan-4-yl benzoate (4). Compound 2 (0.2 g, 0.5 mmol), was
dissolved in anhydrous THF (5 mL), potassium carbonate (0.1 g)
was added and the mixture was cooled over an ice bath (0-4 °C).
Benzoyl chloride (76 w1, 0.65 mmol) was added drop-wise and
stirred vigorously at 0 °C then warmed to RT for overnight. Solvent
was removed in vacuo and the residue thus obtained was dissolved
in ethyl acetate (25 mL) and washed with water (2 x 25 mL). The
combined organic layers were dried over sodium sulfate and
concentrated under reduced pressure to give crude product which
was separated over flash silica using methanol in chloroform as
eluent (1:99) to obtain compound 4 which was crystallized with
methanol to yield dark yellow crystals. (92% yield): mp 152 °C; 'H
NMR (DMSO-dg, 400 MHz): 6 8.14 (m, 2H), 7.79 (m, 1H), 6.40 (d,
J=8.4Hz, 1H), 7.64 (m, 2H), 7.47 (d, J = 8.4 Hz, 1H), 6.50 (s, 1H),
6.44 (bs, 1H), 6.02 (s, 2H), 5.67 (d,] = 4.4 Hz, 1H),4.29(d, ] = 4.4 Hz,
1H),3.98 (s,3H),3.82(s,3H) 2.62 (m, 1H), 2.54 (m, 1H) 2.44 (s, 1H),
2.33 (m, 1H), 1.93 (m, 1H); '3C NMR (CDCls, 100 MHz), § 170.6,
166.7,164.2,152.1, 149.2, 140.4, 140.1, 136.9, 133.9, 132.7, 1314,
130.5, 129.9, 128.9, 128.3, 121.5, 120.4, 118.5, 102.4, 100.9, 81.0,
61.2, 59.0, 56.9, 47.8, 45.0, 25.2.: HRMS: [M+H]" [Co8H,5NOg+H]",
calcd: 504.1658, found: 504.1668.

General synthesis procedure for carbamate derivatives 5-7:
Compound 2 (0.25 g, 0.626 mmol), was dissolved in anhydrous
dichloromethane (5mL) followed by the addition of ethyl
isocyanate (54 ul, 0.689 mmol) and the dimethylamino pyridine
(8 mg, 0.065 mmol). The mixture was stirred vigorously at ambient
temperature for 4 h. The mixture was condensed under reduced
pressure to dryness. The residue was dissolved in ethyl acetate
(25 mL) and washed with water (2 x 10 mL). The organic layer was
dried over sodium sulfate and concentrated under reduced
pressure to give crude product which was chromatographed over
flash silica using methanol in chloroform as eluent (2:98) to yield
carbamate derivatives 5-7.

2.2.1.4. (S)-5-methoxy-1-((R)-4-methoxy-6-methyl-5,6,7,8-tetrahy-
dro-[1,3]dioxolo[4,5-g]isoquinolin-5-yl)-3-oxo-1,3-dihydroisobenzo-
furan-4-yl ethylcarbamate (5). Yellow solid. (64% yield): mp 133-
135°C; 'H NMR (DMSO-dg, 400 MHz): § 7.81 (t,] = 5.2 Hz, 1H), 7.34
(d,J=8.4Hz, 1H), 6.48 (s, 1H), 6.35 (d, J = 8.4 Hz, 1H), 6.00 (s, 2H),
5.58 (d,]J =4.4 Hz, 1H), 4.25 (d,] = 4.4 Hz, 1H), 3.95 (s, 3H), 3.79 (s,
3H), 3.09 (q, J = 7.2 Hz, 2H), 2.67-2.42 (m, 3H), 2.43 (s, 3H), 1.94-
1.92 (m, 1H), 1.09 (t, J=7.2Hz, 3H); '3C NMR (DMSO-dg,
100 MHz): & 167.2, 153.4, 152.5, 148.6, 140.6, 137.2, 134.4,
131.8,121.2,120.5,119.2,116.9,102.9,101.3,81.6, 79.7,60.9, 59.7,
57.04, 45.89, 493, 359, 27.1, 15.3: HRMS: [M+H]
[C24H26N,0g+H]", calcd: 471.1767, found: 471.1761.

2.2.1.5. (S)-5-methoxy-1-((R)-4-methoxy-6-methyl-5,6,7,8-tetrahy-
dro-[1,3]dioxolo[4,5-g]isoquinolin-5-yl)-3-oxo-1,3-dihydroisobenzo-
furan-4-yl phenylcarbamate (6). Light yellow solid. (52% yield): mp
159-161 °C. '"H NMR (DMSO-dg, 400 MHz): § 7.49-7.39 (m, 6H),
7.24 (t,]J=5.2 Hz, 1H), 6.48 (s, 1H), 6.35 (d, ] = 8.4 Hz, 1H), 6.01 (s,
2H),5.64(d,J=4.4Hz,1H),4.32 (d,] = 4.4 Hz, 1H), 3.95 (s, 3H), 3.82

(s,3H),2.73 (m, 3H), 2.45 (s, 3H), 1.94 (m, 1H); >*C NMR (DMSO-ds,
100 MHz): § 167.2, 153.4, 152.5, 148.6, 144.3, 140.6, 137.2, 134.4,
131.8, 124.6, 121.2, 120.5, 119.2, 116.9, 102.9, 101.3, 81.6, 79.7,
609, 597, 464, 359, 27.1: HRMS: [M+H]+ [C28H26N208+H]+, calcd:
519.1767, found: 519.1762.

2.2.1.6. (S)-5-methoxy-1-((R)-4-methoxy-6-methyl-5,6,7,8-tetrahy-
dro-[1,3]dioxolo[4,5-g]isoquinolin-5-yl)-3-oxo-1,3-dihydroisobenzo-
furan-4-yl benzylcarbamate (7). Yellow solid. (78% yield): mp 122—
123 °C; 'H NMR (DMSO-dg, 400 MHz): 8§ 8.39 (t, J=5.2 Hz, 1H),
7.38-7.27 (m, 6H), 6.48 (s, 1H), 6.37 (d, ] = 8.4 Hz, 1H), 6.01 (s, 2H),
5.60 (d, J=4.4 Hz, 1H), 4.31-4.27 (m, 2H), 4.24 (d, J = 4.4 Hz, 1H),
3.95 (s, 3H), 3.81 (s, 3H), 2.72-2.48 (m, 2H), 2.44 (s, 3H), 2.32-2.28
(m, 1H), 1.91-1.86 (m, 1H); '*C NMR (DMSO-dg, 100 MHz): § 158.6,
154.1, 152.5, 148.6, 140.6, 137.2, 134.4, 131.8, 121.2, 120.5, 119.2,
116.9, 102.9, 101.3, 81.6, 79.7, 60.9, 59.7, 46.4, 35.9, 27.1: HRMS:
[M+H]* [Co9H28N,0g+H]", calcd: 533.1924, found: 533.1926.

2.3. Cell lines and reagents

CEM (lymphoma), A549 (lung), PC-3 (prostate), MIA PaCa-2
(pancreatic), MCF-7 and MDA-MB-231 (breast) cancer cells were
purchased from ATCC. PC-3, A549, MDA-MB-231 and CEM were
cultured in RPMI-1640 medium supplemented with 10% Fetal
Bovine Serum (FBS) and 1% penicillin/streptomycin. MIA PaCa-2
and MCF-7 cells were cultured in DMEM supplemented with 10%
FBS and 1% penicillin/streptomycin. Primary human dermal
fibroblasts (HDF) from the dermis of normal human neonatal
foreskin were obtained from the Dermatology Department, Emory
University. MTT dye (Thiazolyl Blue Tetrazolium Bromide)
dimethyl sulfoxide (DMSO), propidium iodide and RNase were
purchased from Sigma (St. Louis, MO). Cells were cultured at 37 °C
with 5% CO,.

2.3.1. Tubulin purification and polymerization assay

Microtubule proteins (MTP) consisting of ~70% tubulin and
~30% microtubule-associated proteins (MAPs) were isolated from
bovine brain by three cycles of temperature-dependent polymeri-
zation and depolymerization. MAP-free tubulin (>99% pure) was
purified from MTP by phosphocellulose chromatography [31].
Purified tubulin was drop-frozen in liquid nitrogen, and stored at
—80 °C until use.

The rate and extent of tubulin polymerization was monitored
using a light scattering assay at 350 nm as described previously
[32]. Briefly, phosphocellulose-purified MAP-free tubulin (12-
15 wM) was incubated with each compound at 0 °C for 10 min in
PEM buffer (80 mM PIPES, 3 mM MgCl,, and 1 mM EGTA, pH 6.8) in
a 96-well format. Following the addition of 1 mM GTP, assembly of
tubulin was initiated by transferring the sample containing plate to
Spectra Max Plus multi-well plate reader (Molecular Devices, USA).
which was temperature pre-adjusted at 35 °C.

2.3.2. Cytotoxicity assay

MTT  (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide) assay [16] was employed to evaluate the proliferative
capacity of cells. Essentially, MTT is a colorimetric assay, which
utilizes the colorless tetrazolium dye and converts it into a colored
formazan salt, which can be quantified by measuring absorbance at
570 nm. Briefly, a 96-well format was used to seed 100 .l medium
containing cells at a density of 5 x 10> cells per well. After 24 h of
incubation, cells were treated with gradient concentration of the
test compounds, which were dissolved in DMSO. The final
concentration of DMSO in the culture medium was maintained
at 0.1%. After 48 h of drug incubation, the spent medium was
removed and the wells were washed twice with PBS. 100 .l of
fresh medium and 10 pl of MTT (5 mg/ml in PBS) was added to the
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C

Fig. 2. (A) Colchicine. (B) Noscapine. (C) Flexible ligand superpositioning of noscapine (green carbons) on DAMA-colchicine (cyan carbons) from the colchicine-tubulin
complex as determined by Ravelli et al. [27]. Superpositioning was calculated based on best-fit geometry using the Schrodinger Phase Flexible Ligand Superpositioning
program [28]. Noscapine was found to share a similarity of 72.75% to the DAMA-colchicine conformation used.

wells and cells were incubated at 37 °C in dark for 4 h. The
formazan product was dissolved by adding 100 w.l of 100% DMSO
after removing the medium from each well. The absorbance was
measured at 570 nm using a Spectra Max Plus multi-well plate
reader (Molecular Devices, USA).

2.3.3. Cell-cycle analysis

Flow-cytometric evaluation of the cell-cycle status was
performed as described previously [14-17]. Briefly, control and
drug treated cells were centrifuged, washed with ice-cold PBS, and
fixed in 70% ethanol. Tubes containing the cell pellets were stored
at 4 °C for at least 24 h. Cells were then centrifuged at 1000 x g for
10 min and the supernatant was discarded. The pellets were
washed twice with 5 ml of PBS and then stained with 0.5 ml of
propidium iodide (0.1% in 0.6% Triton-X in PBS) and 0.5 ml of RNase
A (2 mg/ml) for 45 min in dark. Samples were then analyzed on a
BD FACSCanto II flow-cytometer (BD Biosciences, Sparks, MD).

2.3.4. Immunoblot analysis

Western blots were performed as described earlier [33]. Briefly,
proteins were resolved by polyacrylamide gel-electrophoresis and
transferred onto polyvinylidene difluoride membranes (Millipore).
The membranes were blocked in Tris-buffered saline containing
0.05% Tween-20 and 5% fat-free dry milk and incubated first with
primary antibodies against cleaved-PARP (Cell Signaling Inc.,
Beverly, MA) and survivin (Santa Cruz Biotechnology Inc., Santa
Cruz, CA) and then with horseradish peroxidase-conjugated
secondary antibodies (Santa Cruz Biotechnology Inc., Santa Cruz,
CA). B-actin was from Sigma (St. Louis, MO). Specific proteins were
visualized with enhanced chemiluminescence detection reagent
according to the manufacturer’s instructions (Pierce Biotechnology
Inc., Rockford, IL).

2.3.5. Caspase 3/7 activity assay

Control or lysates of PC-3 cells treated with 25 wM noscapine
derivatives were tested for caspase-3-like activity using Ac-DEVD-
7-amino-4-trifluoromethyl-coumarin, which detects the activities
of caspase-3 and caspase-7 according to manufacturer’s protocol
(Calbiochem, San Diego, CA). The results were evaluated using
VictorTM X5 multilabel reader (PerkinElmer, Inc., MA) and
expressed as relative fluorescence units.

3. Results and discussion
3.1. In silico modeling studies

Noscapine was discovered through a semi-rational structural
screen of known microtubule poisons such as colchicine,

podophyllotoxin, and MTC [2-methoxy-5-(2,3,4-trimethoxyphe-
nyl)-2,4,6-cycloheptatrien-1-one], all of which are believed to bind
to the same region of the cellular target, tubulin [3]. The
identification of noscapine was based on its structural resemblance
with these drugs, such as a hydrophobic trimethoxyphenyl group
and other hydrophobic domains (like a lactone, tropolone, or other
aromatic rings) as well as small hydrophilic groups (like hydroxyl
and amino groups) [3]. Since the 3.5 A crystal structure of tubulin
in complex with colchicine [27] clearly shows the binding
conformation of the drug, we first examined the structural
similarity of noscapine (Fig. 2B) to colchicine (Fig. 2A) using a
flexible ligand-superpositioning program [28]. The overlap of two
structures (Fig. 2C) yielded a geometric complementarity score of
72.75%, implying a strong structural similarity.

It has been recognized that traditional docking approaches have
several limitations when used with dynamic proteins such as
tubulin [34]. Thus, in order to model the binding of noscapine to
tubulin, we utilized the space-coordinates of colchicine in its
docked state to superimpose noscapine into the colchicine-binding
domain of 1SAO PDB structure (Fig. 3A). Our modeling data show
noscapine in the same position as colchicine, within the (3-subunit
near the intradimer interface (Fig. 3A). However, the methoxy
group at position-7 showed multiple clashes with the valine
residue 315 in the -subunit (Fig. 3B and C). This steric strain is
perhaps relieved upon O-demethylation at position-7 to yield a 7-
hydroxy-compound. This may possibly explain the significantly
increased activity of O-demethylated analogs that have been
reported [25,26].

Given that replacing the methoxy group at position-7 with a
smaller, hydroxyl group increased efficacy by decreasing steric
hindrance, we rationalized that substituting an increasingly large-
sized group at this position should decrease drug activity. In order
to validate this predictive model, we synthesized noscapine
analogs by derivatizing position-7 on the benzofuranone ring
system of noscapine with larger functional groups.

When superimposed onto the colchicine-binding domain of our
tubulin docking model, these analogs showed an increase in the
number and magnitude of steric clashes at position-7 with an
increase in the size of the substituted subgroup (Fig. 4, Table 1).
This increase in clashes could decrease drug binding at the site and
decrease drug efficacy as well. These alterations would thus impact
the biological anticancer activity in cellular systems.

3.2. Chemical synthesis of 7-position benzofuranone noscapine
analogs

Sodium azide and sodium iodide in dimethylformamide (DMF)
were selectively used to cleave the methyl group at position-7 of
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Fig. 3. Model construction predicting noscapine bound in tubulin heterodimer. (A) Noscapine (green) is shown as a space-filling van der Waals model within the tubulin
heterodimer ([3-subunit in blue, a-subunit in yellow) in the colchicine-binding domain near the intra-dimer interface and the non-exchangeable GTP-site on a-tubulin. (B)
Close-up of noscapine in the pocket reveals steric clashes (red lines) and H-bonds (blue lines) as predicted by UCSF Chimera software [29]. (C) Hydrophobic surface of binding
pocket created using Tripos Sybyl shows steric clash at 7-position of noscapine. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of the article.)

benzofuranone ring. As a result, we optimized an efficient method
to prepare compound 2 (7-hydroxy noscapine) that excluded the
use of Grignard reagent and simplified the work-up procedure to
obtain the reaction product. Briefly, noscapine was dissolved in
anhydrous DMF along with sodium azide and sodium iodide
followed by stirring at 140 °C for 4 h. The mixture was condensed
under reduced pressure and the residue was extracted in
ethylacetate followed by washing with water and brine to remove
excess salt. This synthetic method, offered a simple, economic and
easy work-up procedure compared to the one reported by
Anderson et al. [25]. The 7-hydroxy noscapine, 2 thus obtained,
served as a scaffold to synthesize various C-7-modified analogs of
noscapine.

Two strategies were followed for the synthesis of 7-substituted
noscapine derivatives as depicted in Scheme 1. Starting from the
key intermediate 2, in the first strategy, we performed acylation
reactions using acetic anhydride and benzoyl chloride in the
presence of a base to prepare compounds 3 and 4. Compound 3 is
the 7-acetyl derivative, which, in contrast to the almost inert
original methoxy derivative, has more polarized carbonyl func-
tionality. Compound 4, a benzoyl derivative, was prepared to
compare the effect of alkyl to aryl function in the same molecule.

It is well recognized that carbamate esters [30] are used to mask
free phenolic groups in cytotoxic cancer drugs [35]. Thus, in the
second strategy, a series of carbamate esters of the key
intermediate, 2 were synthesized using readily available ethyl,
phenyl and benzyl isocyanates. These compounds were prepared
by the reaction of phenol derivative 2 with various isocyanates in
the presence of DMAP (4-N,N'-dimethylamino pyridine) in
anhydrous dichloromethane. The partial hydrolysis of isocyanates

led to the formation of urea impurities thus increasing the
complexity of the purification process. Purification was accom-
plished by using repetitive flash chromatography. Another
challenge was the almost similar Rs of product and corresponding
starting materials on standard silica-coated TLC plates. We
resolved this problem by performing mass-spectrometric analysis
of the reaction mixture before the work-up step. Clearly, the mass
data also confirmed the presence of urea impurities in the reaction
mixture.

3.3. Biochemical characterization of novel benzofuranone analogs

3.3.1. Benzofuranone ring substituted noscapine analogs inhibit
tubulin polymerization in vitro

To determine the anti-tubulin activity of these benzofuranone
ring substituted noscapine analogs, their effects on tubulin
polymerization were examined in vitro. The effects of various
concentrations of all five noscapine analogs on the polymerization
of tubulin into microtubules are shown in Fig. 5. All five analogs
inhibited the light scattering signal in a concentration-dependent
manner, indicating that these benzofuranone ring substituted
noscapine analogs can bind to tubulin and inhibit microtubule
assembly.

3.4. Evaluation of antiproliferative activity and anti cell-cycle effects

3.4.1. Benzofuranone ring substituted noscapine analogs display
significant antiproliferative activity

The newly synthesized 7-position analogs of noscapine were
tested for their antiproliferative activity in various cancer cells
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Fig. 4. Predicted noscapinoid binding positions on tubulin. Panels on left show predicted binding position of noscapinoids based upon their superpositioning on DAMA-
colchicine from colchicine-tubulin crystal structure and then overlay into the protein [27]. Potential steric clashes (red lines) and H-bonds (blue lines) as predicted by UCSF
Chimera are shown. Larger substitutions at the 7-position show increased steric hindrances versus those of noscapine. Panels on right show noscapinoids in the hydrophobic
surface of the colchicine binding pocket created using Tripos Sybyl. Steric clashes can be seen in portions of the molecules shown outside of the pocket. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of the article.)
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Table 1
Clashes and H-bonds.
Compound Substituent Average Average Average
clashes overlap H-bonds
3 Acetyl 32.8 1.017 2.6
4 Benzoyl 52.6 1.131 2.2
5 Ethylcarbamato 62.6 1.091 2.0
6 Phenylcarbamato 61.0 1.163 2.4
7 Benzylcarbamato 56.2 1.159 0.8

using the MTT assay. Fig. 6 shows line plots of cell survival versus
gradient concentrations of various compounds to yield ICsq values
of each analog in different cell lines.

The ICsq value (drug concentration at which 50% inhibition of
cell proliferation occurs) of these synthesized compounds are
presented in Table 2. To appreciate the potency of these novel 7-
position substituted benzofurananone noscapine analogs, the ICsq
values of the parent molecule noscapine for the various cell lines
under study are indicated in Table 2 (bottom-row).

Among the noscapine analogs tested, compound 3 (7-acetyl-
noscapine) was observed to be generally most-effective against
most cell lines used in the study (Fig. 6A, B, D, and E) except for
breast cancer cells (Fig. 6C). Pancreatic cancer MIA PaCa-2 cells
were particularly sensitive to compounds 3, 4 and 6 as compared
(ICs0 in the range of 1-1.7 wM) to compounds 5 and 7 (ICso 49.0
and 24.5 respectively) (Fig. 6D and Table 2). Lung cancer A549 cells
also showed low ICsq for compounds 3-5 (Table 2) compared to
CEM, lymphoma cells, which were observed to be more sensitive
towards compound 5 (Fig. 6B). The IC5¢ values of the cell lines,
A549, CEM, MIA PaCa-2 and PC-3 were within 10 wM (Table 2) for
compounds 3-5. MCF-7, with higher ICsq values was found to be
resistant towards these analogs. Fig. 6F is a bar-graph representa-
tion depicting a comparison of the ICso values of five noscapine
analogs towards each cancer cell used in the study. As the bulk of
the substituent increased in compound 4 (7-benzoyl-noscapine),
an increase in ICsos was evident, which was even more pronounced

with compounds 5 and 6, with a few exceptions. Majority of the
cell lines were relatively resistant towards compound 6 (with ICsq
values ranging from 50 to 250 wM, Table 2). The significantly
higher ICsq values of compound 6 indicated that the bulk of the
substituent plays an important role in determining the biological
activity in cellular systems. Compound 7, as observed from Table 2,
showed relatively lower ICsq values when compared to compound
6 (Table 2). It is reasonable to speculate that the presence of a CH,
group between the nitrogen atom and aromatic ring system
provides flexibility to compound 7, which perhaps relates to its
higher activity. Comparison with noscapine demonstrated that 7-
position analogs, in particular, compounds 3-5 are significantly
better in antiproliferative activity (Table 2). Overall, the differences
in the ICsq value of these analogs for the cancer cell lines studied
can perhaps be attributed to the bulk of the functional group
introduced at position-7 of benzofuranone ring on the parent
molecule.

3.4.2. Benzofuranone ring substituted noscapine analogs show
significant inter-line variation

The expression level of oncogenes, tumor suppressor and key
molecules that regulate apoptosis, drug-resistance and angiogen-
esis can affect the sensitivity of tumor cells towards any given anti-
cancer agent [36,37]. It is recognizable that anti-tubulin agents like
paclitaxel, docetaxel offer superior anti-tumor outcomes in solid
malignancies such as breast and ovarian [38-40], while hemato-
logical malignancies are best managed by vinca alkaloids
(vinblastine, vincristine etc.) [41]. Differential sensitivity of cancer
cell lines was observed for each noscapine analog suggesting
significant inter-line variations (Fig. 7). Most cancer cells (lung,
lymphoma, pancreatic and prostate) significantly responded to
compound 3 and displayed much lower ICsq values in the range of
1-15 uM (Fig. 7A). However, a very high IC5o (166.0 M) was
observed for the breast cancer cell line, MCF-7 (Table 2, Fig. 7A),
suggesting a high degree of inter-line variability. Compound 4 with
a COPh (benzoyl) substituent, although quite effective against
lung, pancreatic and prostate cancer cells (ICso values less than

5, R = CONHEt
6, R = CONHPh
7, R = CONHBn,

Reagents and Conditions. a) NaN;/Nal, DMF, 140 °C, 4h. b) Dimethylamino pyridine,
Ac,0, CH3CN 50 C, 6h for 3, K,CO3, DMF, benzoylchloride; 80 °C, 8h for 4. c)
Dimethylamino pyridine, CH,Cl,, RNCO, rt, 6-8 h.

Scheme 1. Synthesis of benzofuranone derivatives of noscapine 2-7.
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Fig. 5. Inhibition of tubulin assembly by noscapine analogs in vitro. Effects of various analogs on tubulin polymerization were assessed by monitoring the increase in light
scattering at 350 nm as described in Section 2. Each data point was obtained by subtracting the absorbance values of corresponding noscapine analogs in the absence of
tubulin. Data are representative of three independent experiments performed in triplicate (p < 0.05).

5 wM) showed resistance towards lymphoma (ICs9 49.0 M) and
breast cancer (ICso 34.0 wM) cells (Fig. 7B). On the other hand,
compound 5 showed lower activity in CEM (1.7 uM), A549
(5.6 nM) and PC-3 (6.6 M) (Fig. 7C and Table 2. Interestingly,
pancreatic cancer cells were very sensitive to compound 6
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(ICsp=1 M, Fig. 7D). These differences in cellular sensitivities
to the same compound may be due to altered expression of 3-
tubulin isotypes, or point mutations in tubulin resulting in
alterations of expression patterns of post-translational modifica-
tions of tubulin regulatory proteins, such as stathmin, microtubule

Fig. 6. Cancer cells of varying tissue origin are sensitive to the noscapine analogs. Cells were treated for 48 h with increasing gradient concentrations of various noscapine
analogs and the percentage of cell proliferation was measured using MTT assay. A, B, C, D and E represent the sensitivity profile the various cancer cells (A549, CEM, MCF-7,
MIA PaCa-2, PC-3) to the five 7-position substituted benzofuranone noscapine analogs. The plot of % cell survival versus noscapine analog concentrations for cancer cells in
them. F is a bar-graphical representation of ICso values of noscapine analogs in various cancer cells used in our study. The values and error bars shown in all the graphs
represent average and standard deviations, respectively, of three independent experiments (p < 0.05).
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Table 2
In vitro cytotoxicity (ICso, uM) of noscapine analogs.

Compound R Cancer cell line, ICs (LM)

A549 CEM MCF-7 MIA PaCa-2 PC-3
3 -COMe 3.2 15.5 166.0 1.0 9.3
4 -COPh 4.5 49.0 34.0 1.7 4.8
5 -CONHEt 5.6 1.7 49.0 49.0 6.6
6 -CONHPh 50.0 250.0 182.0 1.0 83.2
7 -CONHBn 25.0 7.1 74.1 24.5 49.0
Noscapine 73.0 20.0 45.0 70.0 51.0

associated protein (MAP), tau and MAP4 [42,43]. These changes in
microtubule accessory proteins have been well recognized to affect
microtubule dynamicity and can perhaps contribute to the
development of drug resistance [44].

Interestingly, compounds 3-7 did not inhibit cell proliferation
in normal human dermal fibroblasts (HDFs) even at concentrations
as high as 100 wM. As shown in Suppl. Fig. 1, the proliferation
capacity of these compounds were compared with the parent
compound noscapine and the most well-studied 9-position
substituted analog, 9-bromonoscapine (Suppl. Fig. 1).

3.4.3. Benzofuranone ring substituted noscapine analogs cause cell
cycle arrest followed by apoptosis

To gain further insights into the precise mechanisms responsible
forinhibition of cellular proliferation, we next examined the effect of
benzofuranone ring substituted analogs on cell cycle distributing
profiles of breast cancer MDA-MB-231 cells. The effect of
compounds 3-7 on mitotic index (percent G2/M cells) and apoptotic
index (percent sub-G1 cells) as a function of time in MDA-MB-231
cells was studied using fluorescence activated cell sorting (FACS)
analysis. All 5 compounds were used at 25 WM concentration over
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48 h of treatment. Fig. 8(Ai-Ei) shows cell-cycle profiles upon
treatment with compounds 3-7 over various time points (0, 12, 24,
48 h) in a three-dimensional disposition. While 2N and 4N DNA
complements are representative of G1 and G2/M populations,
respectively, sub-G1 hypodiploid population is usually suggestive of
fragmented DNA and is a hallmark of apoptosis.

Treatment of MDA-MB-231 cells with compounds 3-7 showed
significant accumulation of cells in G2/M phase until 24 h of drug
exposure (Fig. 8Aii-Eii). The G2/M population however started to
decline beyond 24 h and thereafter a concomitant increase of sub-
G1 population was observed until 48 h. In case of compounds 3 and
5, as is evident from the bar graph; the G2/M population increased
considerably at 12 and 24 h (Fig. 8Aii and Cii). However, at 48 h the
G2/M population decreased significantly perhaps leading to
apoptotic cell death in case of compound 3 (Fig. 8Aii). Even after
48 h, compound 5 treated cells mostly remained arrested in G2/M
phase and the apoptotic index was lower compared to compound
3. Compounds 4, 6 and 7 also show similar pattern of G2/M arrest
over 24 h of treatment followed by a decline in the percent G2/M
cells and emergence of a hypodiploid population, indicative of
apoptosis (Fig. 8Bii, Dii and Eii).
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Fig. 7. Benzofuranone ring substituted noscapine analogs exhibit significant inter-line variability. A, B, C, D and E are the plots of percent cell survival versus concentration of
noscapine analogs for cancer cells from varying tissue origins viz., lung (A549), lymphoma (CEM), breast (MCF-7), pancreas (MIA PaCa-2) and prostate (PC-3) used for
determination of ICsg values. F is a bar-graph representation of ICsq values of noscapine analogs in various cancer cells used in our study. The values and error bars shown in
the graphs represent average and standard deviations, respectively, of three independent experiments (p < 0.05).
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Fig. 8. Panels Ai-Ei depicts cell-cycle distribution of MDA-MB-231 cells in a three-dimensional disposition as determined by flow-cytometry at different time point upon
treatment with 25 wM concentration of compounds 3-7. Results are representative of three experiments done in triplicate. The right panels (Aii-Eii) show bar-graph
representation of the percent G2/M and sub-G1 populations at different time points for compounds 3-7. Values and error bars shown in the graph represent mean and
standard deviation, respectively, of three independent experiments performed in triplicate.

Although staining of DNA with propidium iodide is extremely
useful to have an overview of the percent cell population in
various cell-cycle phases, however it has its limitations. It
cannot dissect out the differences between G2 and M phases as
both have 4N DNA amounts. Thus to explore further, we chose a
mitosis specific marker MPM-2, to distinctly identify which
phase the cells get stuck in. Our data revealed that all five
noscapine analogs appeared to induce strong G2 arrest
starting as early as 12 h (~65%) continuing till 24 h. In case of
compound 5, the arrest was maintained until 48h.
Cell population corresponding to the G2/M peak was clearly
negative for MPM2, suggesting that the cells accumulated in G2

phase for a long time before succumbing to apoptosis (Suppl.
Fig. 2).

In addition, compounds 3-7 induced apoptotic cell death in PC-
3 cells which was associated with decreased expression of the anti-
apoptotic protein survivin (Suppl. Fig. 3A), an enhanced caspase-3
activity (Suppl. Fig. 3B), and cleavage of PARP (Poly (ADP-ribose)
Polymerase) (Suppl. Fig. 3A).

4. Discussion

Noscapine and its analogs, collectively referred to as the
noscapinoid family, typify a novel class of microtubule-modulating
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agents that evade the ‘harsher’ side-effects of currently available
tubulin-binding chemotherapeutics by preserving the total poly-
mer mass of tubulin [33]. This novel class of non-toxic microtu-
bule-modulating agents is based upon the parent molecule,
noscapine, a relatively innocuous, non-sedative, isoquinoline
alkaloid from opium, known for its antitussive properties for
decades. Unlike the two major classes of tubulin-binding drugs,
which either overpolymerize and bundle microtubules (taxanes)
or depolymerize them and form paracrystals (vincas), noscapine
and its analogs do not exert gross affects on the microtubular
ultrastructure [33]. Thus, noscapine and its analogs do not impair
crucial microtubule functions and therefore cause minimal
toxicity, if any, and are best characterized as ‘kinder and gentler’
microtubule-modulating agents [24]. As the therapeutic efficacy is
based upon the potency and selectivity (non-toxicity to normal
cells) for clinical significance, noscapine derivatives can potentially
be exploited for therapeutic usage individually or in combination
with existing toxic anti-microtubule drugs.

In silico molecular modeling efforts predicted the rational
design of novel second generation noscapine analogs substituted
at position-7 of the benzofuranone ring system, presented in this
study. Although each synthesized analog showed cytotoxicity
activity within a narrow range for most cell lines, significant inter
cell line variations were found to exist, in that a particular
compound exhibited differential sensitivity in cell lines from
varying tissue origin. These differences are not easy to compre-
hend, and can perhaps be attributable to the presence of varying
tubulin isotype expression and mutations in the tubulin gene in
different cell types [45-47]. It is also likely that altered expression
of survival and drug resistance mechanisms in cell lines from
different tissue types dictate cellular sensitivities [48].

Successful chemotherapy relies on the strategic induction of
robust apoptosis in cancer cells while sparing normal cells. It is
noteworthy that these benzofuranone noscapine analogs did not
affect the viability of normal human fibroblasts at concentrations
as high as 100 wM. Essentially, chemotherapeutic agents induce
cell death by arresting cell cycle progression, upregulating the
expression of pro-apoptotic molecules while downregulating
survival signaling players that encumber apoptosis. The rate and
extent to which cell lines from various tissue types respond to a
particular test compound essentially depends on the status of
death-resisting anti-apoptosis molecules, as well as death-favoring
pro-apoptotic molecules in that cell type and how these molecules
are affected upon drug administration. For example, survivin, an
antiapoptotic protein of the inhibitor of apoptosis family that
blocks apoptosis by inhibiting caspases [49] has been shown to be a
player in dictating cellular sensitivity to 9-bromonoscapine [15].
Our data show that these compounds were able to alter survivin
levels as part of their anti-proliferative and pro-apoptotic program.
Examining the expression levels of survivin upon treatment with
these compounds revealed a decline in survivin, a property shared
in common with 9-bromonoscapine [15]. Even though a definite
relationship of the sensitivity of various cancer cells to these
analogs is cell-type dependent, it is apparent that tubulin presents
a potential target for these compounds. In addition, these second
generation benzofuranone ring substituted noscapine analogs
have been shown to spare the normal human dermal fibroblasts up
to a concentration as high as 100 wM. These data perhaps
demonstrate that the 7-position benzofuranone analogs may
prove to be significantly better than the founding compound,
noscapine.

In summary, we have provided the simplest methods for the
direct, and regioselective chemical manipulation of noscapine at
position-7 that yielded the benzofuranone analogs in high
quantitative yields. Taken together, like noscapine and its first
generation analogs, these second generation analogs indicate a

great potential for further preclinical evaluation of their therapeu-
tic efficacy in animals models. Based upon in silico cues and rational
drug-design, it is our ultimate goal to design, synthesize, and
develop a new class of novel ‘kinder and gentler’ noscapine analogs
that will target variant tubulins and thereby help reduce the
adverse side effects associated with their use. Owing to the
minimal toxicity of noscapine analogs, we envision that combina-
tion regimens of more toxic drugs with noscapinoids may present
an opportunity to reduce the dose-level of the toxic drugs to
improve disease-free survival and enhance the quality of life.
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